Pulmonary alveolar septa are thought to contain at least two types of fibroblasts that are termed myofibroblasts and lipofibroblasts based on their morphological characteristics. Lipofibroblasts possess cytoplasmic lipid inclusions (lipid bodies or droplets) and are involved in several important functions, such as surfactant synthesis, development, vitamin A storage and presumably regeneration. As vitamin A was shown to reduce pulmonary emphysema in several but not all mouse and rat strains, we hypothesized that these strain differences might be explained by a differential occurrence of lipofibroblasts and their lipid bodies in various mouse strains. Therefore, mouse lungs of six strains (NMRI, BALB/c, C3H/HeJ, C57BL/6J, C57BL/6N and FVB/N) were investigated by light and electron microscopic stereology to quantify the amount of lipid bodies and the composition of alveolar septa. Lipofibroblasts were observed qualitatively by transmission electron microscopy in every investigated mouse strain. The total volume and the volume-weighted mean volume of lipid bodies were similar in all mouse strains. The results on the composition of the interalveolar septa did not show major differences between the groups. The only mouse strain that differed significantly from the other strains was the NMRI strain because the lungs had a higher volume and consequently many of the morphological parameters were also larger than in the other groups. In conclusion, the present study showed that lipofibroblasts are a common cell type in the mouse lung across various strains. Therefore, the mere presence or absence of lipofibroblasts does not explain differences in the pulmonary regenerative potential among mouse strains.
Introduction
The alveolar septa of the gas-exchange region of the lung are composed of a variety of cell types, including alveolar epithelial, endothelial and interstitial cells. Among the interstitial cells, two cell types are distinguished based on the occurrence or absence of non-membrane-bound lipid droplets in their cytoplasm (Brody & Kaplan, 1983) . Those interstitial cells containing lipid droplets are also termed lipofibroblasts or lipid-filled interstitial cells (Vaccaro & Brody, 1978; McGowan & Torday, 1997) . Lipofibroblasts have been attributed a significant number of important functions in the homeostasis of the lung, including lung development (McGowan & Torday, 1997; Ntokou et al. 2015) , synthesis of surfactant (Schultz et al. 2002; Magra et al. 2006) , storage of vitamin A (Dirami et al. 2004; Senoo et al. 2007 ) and regeneration (Green et al. 2016) . Hence, the interest in lipofibroblasts has increased considerably during the last years. Importantly, lipofibroblasts (as defined by the presence of lipid droplets) do not occur in all mammalian species. They have been securely identified in mouse, rat, hamster and rabbit lungs (Kaplan et al. 1985; Tahedl et al. 2014) , whereas the existence of lipofibroblasts in the human lung is still controversial (Rehan et al. 2006; Ahlbrecht & McGowan, 2014; Tahedl et al. 2014) . Recently, a short report has demonstrated that interstitial cells with a lipofibroblast phenotype may at least be present in pathological human lungs (Deutsch & Young, 2016) .
One important function of lipofibroblasts is their ability to store vitamin A. Retionids play a major role during embryogenesis, development and differentiation (Dirami et al. 2004) . Furthermore, vitamin A was shown to reverse elastase-induced pulmonary emphysema in the rat (Massaro & Massaro, 1997) . However, subsequent studies using rats or mice and the same or other emphysema models provided controversial data about the regenerative potential of vitamin A (Table 1) .
Given the lack or at least the extremely low number of lipofibroblasts in human lungs and the great variations among mammalian species, we hypothesized that the effect of vitamin A on emphysema in mice might be related to the amount of lipofibroblasts in different mouse strains. To test this hypothesis, five inbred and one outbred mouse strains were subjected to a rigorous stereological electron microscopic analysis of the presence and amount of fibroblasts and their lipid bodies in the alveolar septa. These data were related to the volumes of other septal components such as extracellular matrix (ECM) and epithelial cells.
Materials and methods

Mice
The following mouse strains were included in the study: FVB/N, NMRI, C57BL/6N, C57BL/6J, C3H/HeJ, BALB/c. Twelve-week-old male mice of each strain (n = 6 each) were obtained from the central animal facilities of Hannover Medical School. The animals were killed by exsanguination under full anesthesia as described below and as approved by the respective authorities (2014/16).
Lung preparation
Mice were deeply anesthetized by intraperitoneal injection of 120 lL of a mixture containing 20% ketamine and 10% xylazin in 70% NaCl. After full onset of anesthesia, the thoracic cavity was opened to induce the collapse of the lungs. The inferior caval vein was opened for exsanguination. After exposure of the trachea, a cannula was inserted and the lungs were instilled with a fixative containing 1.5% glutaraldehyde, 1.5% paraformaldehyde in 0.15 M Hepes buffer at a hydrostatic pressure of 20 cm H 2 O. The trachea was ligated, and the heart and lungs were excised for further immersion in the same fixative for at least 24 h at 4°C.
After removal of the heart and mediastinal structures attached to the block, the volume of the lungs was estimated by Archimedes' principle (Scherle, 1970; . Next the lungs were cut into slices of 1-2 mm thickness, and a systematic uniform random sampling was carried out (Mayhew, 2008) to obtain samples for light and transmission electron microscopy (LM and TEM, respectively).
For LM, the samples were processed and then embedded in glycol methacrylate (Technovit 7100; Heraeus Kulzer, Wehrheim, Germany). In detail, over a period of 3 days the samples were first washed in 0.15 M HEPES buffer, postfixed in 1% osmium tetroxide After that the samples were embedded in glycol methacrylate according to the manufacturer's instructions. From the embedded samples, 1.5-lm-thick sections were cut and stained with toluidine blue.
The samples for TEM were embedded in epoxy resin according to a standard protocol (M€ uhlfeld et al. 2007 ). First, the tissue slices were subsampled to generate tissue blocks of a size of approximately 1 mm³. Samples were subsequently osmicated in 1% osmium tetroxide, stained en bloc by half-saturated uranyl acetate, dehydrated in an ascending acetone series and finally embedded in epoxy resin. After polymerization, ultrathin sections were cut using an ultramicrotome and poststained with uranyl acetate and lead citrate.
Stereology
Light microscopy analyses were made with a Leica DM 6000B microscope equipped with a digital camera and a computer with the NEW-CAST Software (Visiopharm, Horsholm, Denmark). TEM analysis was performed using a Morgagni 268 microscope (FEI, Eindhoven, the Netherlands).
For the stereological analyses, systematic uniform random sampling was performed to generate representative fields of view for further analysis (Gundersen & Jensen, 1987) . All stereological analyses met the requirements of the guidelines put forward by the American Thoracic Society (ATS) and the European Respiratory Society (ERS; Hsia et al. 2010 ).
At LM level, the volume fraction of parenchyma and non-parenchyma was assessed by the point-counting method (Weibel, 1979) at an objective lens magnification of 9 5 using a combined coarse and fine grid comprising of 6 and 51 points, respectively. The volume density of a compartment was calculated by dividing the number of points hitting the compartment by the number of points hitting the reference volume. To estimate the alveolar surface area a grid with test line segments was projected on the fields of view at a 20 9 objective lens magnification. The number of intersections of the line segments with the alveolar surface as well as the number of line endpoints hitting alveolar lumen and alveolar septa, respectively, was counted as described in Brandenberger et al. (2015) . From the number of intersections (I) and the number of endpoints of the line segments hitting lung parenchyma (PL(par)), the surface density of the alveolar epithelium related to the parenchyma as the reference volume was calculated by S V (alvepi/par) = 2 9 I/(PL(par)9l (p)), where l(p) is the length of a test line associated with one point.
At TEM level, the volume fractions of fibroblast-associated lipid bodies and various septal compartments (epithelial cells, endothelial cells, capillary lumen, ECM, interstitial cells) were estimated at a primary magnification of 14 000 9. Again, as described for parenchyma/non-parenchyma estimation, point grids with coarse and fine lattices were used to estimate the volume fractions of the different compartments efficiently.
All volume fractions were multiplied by the respective reference volume to obtain the total volume of each compartment, for example, to calculate the total volume of lung parenchyma its volume fraction was multiplied by lung volume, whereas to calculate the total volume of alveolar epithelial cells their volume density (related to the alveolar septal volume) had to be multiplied by the volume of the alveolar septa (M€ uhlfeld & Ochs, 2013) .
In addition, the volume-weighted mean volume of lipid bodies was estimated using the point sampled intercepts method (Gundersen & Jensen, 1985) . The formula for this parameter is given by
where l 0 is the edge-to-edge chord length of a lipid-body profile along a line intercept passing through a sampling point, P(Ld) is the number of points of a rectangular point grid hitting lipid-body profiles. This parameter combines information on size and size variation.
Statistics
The data were analysed using one-way analysis of variance (oneway ANOVA). If the differences between the groups were considered significant (P < 0.05) with the ANOVA, the Bonferroni post hoc test was performed to analyse which groups differed significantly from each other. Again, if P < 0.05 data were regarded as significantly different.
If the data were not normally distributed a Kruskal-Wallis test was performed followed by the Student-Newman-Keuls test.
Results
The alveolar region of the mouse lungs of all investigated strains had a similar appearance and showed typical signs of the fixation mode: alveolar septa were thin with wellpreserved epithelial and endothelial cells. Due to instillation fixation after exsanguination, the alveolar capillaries were mostly collapsed with only a few erythrocytes left inside the vessels. Profiles of interstitial cells both with and without lipid bodies were observed in each mouse strain. The lipid bodies were mostly well-preserved and could be unambiguously identified by their amorphous lipid content and the lack of a limiting biomembrane. In some cases, lipid bodies showed a central loss or the occurrence of lamellae of lipid material due to incomplete fixation. The size of the circular or oval lipid-body profiles varied between a few hundred nanometers and a few micrometer (Fig. 1) . Lipid-body containing interstitial cells may sometimes not be identified as such when the section is taken at a point of the cell that does not contain a lipid body. Quantification of lipofibroblast volume from TEM sections will therefore always be an underestimate. In other resident cell types of the alveolar region, there were hardly any lipid bodies visible.
Quantitatively, all mouse strains showed a similar composition of the alveolar septa. With few exceptions, the volume fractions of the cell types, ECM and lipid bodies did not differ significantly among the mouse strains ( Fig. 2 ; Tables 2 and 3 ). In addition, the volume-weighted mean volume of lipid bodies was similar in all investigated mouse strains. Interestingly, when the volume fractions were multiplied by the reference volume it became apparent that several parameters were significantly higher in NMRI mice than in all or some of the other mouse strains, i.e. volume of epithelial cells, lipofibroblasts, ECM and residual structures. Also, the volume of lipid bodies had a higher mean than the other groups; however, due to great interindividual differences, there was no statistical difference. The special position of the NMRI mice was reflected by the total lung volume, which was significantly larger than in the other strains 
Discussion
The present study was designed to test whether lipofibroblasts occur and whether the quantity of their lipid bodies differs among the lungs of different mouse strains. The resulting data were placed in relation with detailed data on the cellular composition of alveolar septa. To identify lipofibroblasts, TEM was carried out. During the qualitative analysis it became quickly apparent that the lungs of all analysed mouse strains contain interstitial cells with cytoplasmic lipid bodies within their alveolar septa. These cells fulfilled the morphological criteria of lipofibroblasts. TEM is a highly specific method to detect lipid bodies because of their characteristic ultrastructure, if fixation and processing protocols are chosen that preserve the amorphous lipids (usually obtained by the incubation of the samples with osmium). The disadvantage of TEM is the small amount of tissue that is being investigated (very small section in all three dimensions), which makes it difficult to demonstrate the general absence of a structure. In this case, however, due to the presence of lipofibroblasts in all mouse strains, TEM was ideally suited to perform quantitative analyses as the high resolution allowed the unambiguous assignment of the lipid bodies to certain cell types. Thus, it could be shown that only in very rare cases lipid bodies were observed in other locations than in fibroblasts. Quantification of cell and lipid-body volume was performed by design-based stereology, which is considered as the gold standard of morphometry (Hsia et al. 2010; Ochs & M€ uhlfeld, 2013) . Based on rigorous sampling and application of appropriate test systems, stereology offers the unbiased estimation of structural quantities like volume, surface area, length or number. The first result from the microscopic sections is a relative value (termed density), which can then be used to calculate the total amount by multiplication with the reference volume, here the lung volume that was measured by Archimedes' principle before the lungs were sectioned. Hence, the total volumes of cells and lipid bodies of the alveolar region could be compared among the mouse strains statistically. As the data of this study show, the cellular composition of the cellular septa and the amount of lipid bodies were not markedly different between the various mouse strains with one exception -NMRI mice had higher lung volumes and consequently higher total volumes of several septal components. While the absolute volumes were higher in NMRI, the relative composition of the alveolar region (as expressed by the densities) was similar to the other mouse strains. Although the body mass of the analysed mice was not measured in this study, it can safely be assumed that the higher lung volume of NMRI mice was due to a larger body size/mass, which is known from the literature (Moons et al. 2004; Spangenberg et al. 2014 ) and from internal data from our animal facilities.
As such, lipofibroblasts seem to be a highly conserved characteristic of healthy mouse lungs that are present across various strains. Recently, it was shown that lipofibroblasts are not present in the lungs of many mammalian species, including humans (Tahedl et al. 2014) , although others have reported about the existence of lipofibroblasts in human lungs (Rehan et al. 2006; Deutsch & Young, 2016) . In the last decades, a number of important functions have been attributed to lipofibroblasts, including surfactant synthesis (Schultz et al. 2002) , development (Vaccaro & Brody, 1978) and vitamin A storage (Okabe et al. 1984; Senoo et al. 2007 ). This obvious contradiction gives rise to the following questions and thoughts: if lipofibroblasts serve these functions, how do species without or with a very low number of lipofibroblasts compensate for the lack of this cell type? One of the reasons for the present study was the reasoning that vitamin A treatment in emphysematous rats was shown to reverse the emphysema in various studies (Massaro & Massaro, 1997) , but that this approach failed to regenerate emphysema in human lungs (Stolk et al. 2012) . However, studies in mice provided a controversial picture about the regenerative potential of vitamin A in emphysema (Table 1) . Because of the involvement of lipofibroblasts in vitamin A metabolism and storage, it was hypothesized that the absence of lipofibroblasts in human lungs and possibly in certain mouse strains may explain the conflicting results regarding the effects of vitamin A in murine lung regeneration. As shown by the present study, this is not the case as lipofibroblasts were observed in all investigated species in a similar amount. However, this does not rule out the possibility that the reaction (function or expansion) of lipofibroblasts to an injury may be different between the mouse strains. The present study only showed that lipofibroblasts are present in the healthy adult mouse lung, but the capacities of these cells to react to a pathological stimulus (for example, to promote differentiation of a lipofibroblast precursor into a lipofibroblast) may be different between the strains, particularly under chronic conditions like in emphysema. The lack of lipofibroblasts in the lungs of various species on the one hand, and the similar volume of these cells across several mouse strains on the other hand, raises the question if lipofibroblasts -when defined by the presence of lipid bodies -are truly a separate type of cell or whether fibroblasts without the lipid-body phenotype (i.e. without lipid bodies) may have the same functions as lipofibroblasts. In other words, are lipid bodies merely an epiphenomenon that is highly conserved in several species but does not explain the functions of the cell? As nicely outlined by Ahlbrecht & McGowan (2014) , the important role of lipofibroblasts during rodent lung development is well documented and may not necessarily depend on the existence of lipid bodies. In the mouse lung, recent studies using lineage tracing have provided evidence that lipofibroblasts and myofibroblasts are not two interchangeable phenotypes of the same cell (El Agha et al. 2014; Al Alam et al. 2015) . At the molecular level lipofibroblasts are positive for adipocyte differentiation-related peptide, CD90/Thy-1, have low expression levels of platelet-derived growth factor receptor (PDGFR) and a-smooth muscle actin (a-SMA) and derive from fibroblast growth factor-10 expressing mesenchymal cells. Myofibroblasts are positive for transgelin-1, express high levels of PDGFR and a-SMA, and descend from Gli-1-expressing mesenchymal progenitors (reviewed in McGowan, 2017) . Future studies need to clarify whether the functions attributed to lipofibroblasts rely on the presence of their lipid bodies, which may be the case in some, but not all, species. If lipid bodies are not essential for the cell's function and other cellular markers of this cell are present across various mammalian species, one might think about renaming this cell type based on its function or its molecular characteristics.
In conclusion, although the amount of lipofibroblasts and lipid-bodies peaks during early postnatal life in mice (Tahedl et al. 2014) , the present study has demonstrated that lipofibroblasts are a common feature in the adult lungs of various mouse strains. The quantity of lipid bodies/lipofibroblasts, the lipid-body size and size variation as well as the cellular composition of the interalveolar septa was shown to be similar among the investigated strains. These results suggest that lipofibroblasts conserve their morphological phenotype during adult life and that strain differences with respect to functions attributed to lipofibroblast cannot be explained by their presence or absence in certain mouse strains under healthy conditions.
